We developed a wearable sensor algorithm to determine the number of arm movement bouts an infant produces across a full day in the natural environment. Full-day infant arm movement was recorded from 33 infants (22 infants with typical development and 11 infants at risk of atypical development) across multiple days and months by placing wearable sensors on each wrist. Twenty second sections of synchronized video data were used to compare the algorithm against visual observation as the gold standard for counting the number of arm movement bouts. Overall, the algorithm counted 173 bouts and the observer identified 180, resulting in a sensitivity of 90%. For each bout produced across the day, we then calculated the following kinematic characteristics: duration, average and peak acceleration, average and peak angular velocity, and type of movement (one arm only, both arms for some portion of the bout, or both arms for the entire bout). As the first step toward developing norms, we present average values of full-day arm movement kinematic characteristics across the first months of infancy for infants with typical development. Identifying and quantifying infant arm movement characteristics produced across a full day has potential application in early identification of developmental delays and the provision of early intervention therapies to support optimal infant development.
Introduction
Infancy is a period of exploration and learning characterized by the development of motor skills. At least some of these skills arise from changes in synaptic connectivity that occur in response to recurring patterns of neural activity, as suggested by Hebb in the 1960s [1] . Profound behavioral changes can occur in infants as a result of both enriched [2] and deprived [3] motor experience. Extensive research demonstrates a striking relationship between the acquisition of new motor skills and subsequent cognitive development in infancy (for example [4] [5] [6] ), implying that intervention to promote motor skills could be used to enhance the overall infant developmental rate. One of the biggest current challenges in this area, however, is accurately measuring the amount and type of movement practice infants are producing in order to identify relationships between movement practice and motor skill development. We do not currently know how much or what type of practice is necessary for an infant to learn a motor skill, for example reaching using their arms.
Wearable sensors record tri-axial accelerometer and/or gyroscope data at many samples per second, allowing us to record movement data unobtrusively across many continuous hours. We propose that wearable sensors should allow for the measurement of the amount and type of infant movement practice across days and months, unobtrusively across many continuous hours in the natural environment. To date, however, researchers have only recorded this type of data from infants for up to an hour, in a laboratory or clinical environment [7] [8] [9] [10] [11] [12] [13] . Another option is commercially available activity monitors such as Actigraph [14] and Actical [15] , but they do not identify specific movement characteristics and only report relative intensity of physical activity. Although relative intensity of physical activity could be informative for certain research questions, their use has not been validated in infants. We are the first to validate the use of wearable sensors to identify and describe kinematic characteristics of infant arm movements from full-day data.
Our purpose here is to describe the development of an algorithm to identify and classify bouts of infant arm movement from wearable sensor data. To develop the algorithm, we included 33 infants (22 infants with typical development (TD) and 11 infants at risk of atypical development (AR)). We included infants with TD and AR in the development of the algorithm as our goal is to be able to use it in both populations. Some of the infants AR will eventually receive a diagnosis reflecting motor impairment, while others will not. They may or may not have detectable movement differences at this stage. We wanted to develop the algorithm to detect the movement of infants with a broad, representative range of movement characteristics to ensure that we could use one consistent algorithm process across both groups. Next, as the first step toward developing norms, we quantified full-day arm movement bouts and kinematic characteristics across the first months of infancy for infants with TD. Kinematic characteristics included duration, average and peak acceleration, average and peak angular velocity, and type of movement (one arm only, both arms for some portion of the bout, or both arms for the entire bout). Identifying and quantifying infant arm movement characteristics produced across a full day has potential applications in early identification of developmental delays and in the development and clinical testing of early intervention therapies.
Materials and Methods

Participants
Twenty-two infants with TD and eleven infants AR were included in this study. Infants with TD and AR were included in the algorithm development portion of the study in order to create an algorithm that is useful and accurate for both groups. Infants AR are not included in the presentation of average full-day values of arm movement bout characteristics. The infants AR are a small and broad group of infants with various risk levels for atypical development and a variety of developmental challenges. Their data do not lend themselves to pooling but will instead be correlated with individual future developmental outcomes. Infants with TD were from singleton, full-term (38 weeks minimum gestation) births. Infants experiencing complications during birth, or with any known visual, orthopedic, or neurologic impairment, or a score at or below the 5th percentile for their age on the Bayley Scales of Infant Development (3rd edition) [16] at the time of testing were excluded from the TD group. Infants in this group were between 38 and 203 days of age. Infants AR were born before 36 weeks of gestation or defined as at high risk for developmental delay per the definition of the state of California [17] . Infants AR were a broad group and included infants who were born small for gestational age, had congenital heart defects, or had known neurologic malformations, for example. Infants in this group were between 40 and 230 days (adjusted for prematurity). This study was approved by the Institutional Review Board of the University of Southern California. Infants were recruited at health care clinics and by word of mouth in the Los Angeles area. A parent or legal guardian signed an informed consent form for their infants' participation.
Procedures
Infants were measured once per month, from 1 to 6 visits each. We traveled to the infants' home in the morning. Continuous full day arm movement was recorded using two battery-powered wearable sensors (Opals, APDM, Inc., Portland, OR, USA), one on each wrist. Each sensor contains a tri-axial accelerometer, gyroscope, and magnetometer, and was placed inside a pocket in a custom wrist band (see Figure 1) . The sensors were actively synchronized to each other, recording at 20 samples per second. Recordings began in the morning and continued until the infant was put to bed for the night. At this point, the caregiver removed the sensors, resulting in anywhere from 8 to 13 h of continuous data. Caregivers were encouraged to perform their typical daily activities. 
Infants were measured once per month, from 1 to 6 visits each. We traveled to the infants' home in the morning. Continuous full day arm movement was recorded using two battery-powered wearable sensors (Opals, APDM, Inc., Portland, OR, USA), one on each wrist. Each sensor contains a tri-axial accelerometer, gyroscope, and magnetometer, and was placed inside a pocket in a custom wrist band (see Figure 1) . The sensors were actively synchronized to each other, recording at 20 samples per second. Recordings began in the morning and continued until the infant was put to bed for the night. At this point, the caregiver removed the sensors, resulting in anywhere from 8 to 13 h of continuous data. Caregivers were encouraged to perform their typical daily activities. Once the wearable sensors were on for each assessment, we recorded five minutes of video of the infants' spontaneous movements in the supine position. We assessed development using the Bayley Scales of Infant Development (3rd edition) [16] and the Alberta Infant Motor Scale [18] . We also measured weight, length, head circumference, and upper and lower extremity lengths and circumferences. We also collected approximately 10 min of electroencephalography data during an assessment of arm reaching skill, however those results are not presented here.
Algorithm Development
We developed a threshold-based algorithm in Matlab to identify infant arm movement bouts from the wearable sensor data for acceleration and angular velocity. The first step was to define general rejection thresholds for the acceleration and angular velocity values, which were the same for all infants. Then thresholds indicative of movement bouts were determined separately and uniquely for each infant according to a standard formula that identified local maxima within the complete sensor record. These thresholds should be computed from the data from each infant to compensate for differences in infant size and sensor placement. They assure that bouts reflect real, purposeful movements by the infant rather than background noise and small movements such as positional shifts. Movement bouts were identified as periods when both the acceleration and velocity exceeded these unique thresholds.
Acceleration Rejection Threshold Determination. Detrending and Rectification
First, we calculated resultant linear acceleration as the square root squared sum of each axis (x,y,z) as follows: Once the wearable sensors were on for each assessment, we recorded five minutes of video of the infants' spontaneous movements in the supine position. We assessed development using the Bayley Scales of Infant Development (3rd edition) [16] and the Alberta Infant Motor Scale [18] . We also measured weight, length, head circumference, and upper and lower extremity lengths and circumferences. We also collected approximately 10 min of electroencephalography data during an assessment of arm reaching skill, however those results are not presented here.
Algorithm Development
Acceleration Rejection Threshold Determination. Detrending and Rectification
First, we calculated resultant linear acceleration as the square root squared sum of each axis (x,y,z) as follows:
Next, the resultant acceleration was detrended by subtracting the median to remove the gravity component and any steady noise or offsets embedded in the signal. Then we used synchronized video and sensor data (for randomly selected infants) to empirically determine a general rejection threshold for acceleration values. The detrended acceleration signal was then rectified by applying the general rejection threshold of a = [−1.02,1.32] m/s 2 (Figure 2 top) . 
Filtering and Threshold Determination
The signal remaining after rejection was full-wave rectified and smoothed with a moving average filter (0.5 s window). We computed a unique bout threshold for each participant to distinguish potentially bout-related acceleration values from smaller movements, and we identified local maxima for the filtered signal by disregarding maxima below values of 
The signal remaining after rejection was full-wave rectified and smoothed with a moving average filter (0.5 s window). We computed a unique bout threshold for each participant to distinguish potentially bout-related acceleration values from smaller movements, and we identified local maxima 
Angular Velocity Rejection Threshold Determination. Detrending and Rectification
Similar to the acceleration signal, first, we calculated the angular velocity (ω) magnitude:
Next, the resultant angular velocity was detrended with the median to remove steady background noise embedded in the signal. We used synchronized video and sensor data (for randomly selected infants) to empirically determine a general rejection threshold for angular velocity as w = 0.32 rad/s (Figure 3 
top).
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Angular Velocity Rejection Threshold Determination. Detrending and Rectification
Next, the resultant angular velocity was detrended with the median to remove steady background noise embedded in the signal. We used synchronized video and sensor data (for randomly selected infants) to empirically determine a general rejection threshold for angular velocity as w = 0.32 rad/s (Figure 3 top) . 
Filtering and Bout Threshold Determination
The detrended angular velocity signal was rectified with the rejection threshold w, and then filtered with a 0.5 s window moving average filter. To determine the unique participant-based angular velocity threshold, we identified local maxima for the filtered signal by disregarding maxima below values of 0.01 rad/s (Figure 3 middle) . We then set the unique angular velocity threshold for each participant as the mean of these local maxima minus half standard deviation (Figure 3 bottom) . The range of unique angular velocity thresholds was from 0.4208 to 1.0515 rad/s. 
The detrended angular velocity signal was rectified with the rejection threshold w, and then filtered with a 0.5 s window moving average filter. To determine the unique participant-based angular velocity threshold, we identified local maxima for the filtered signal by disregarding maxima below values of 0.01 rad/s (Figure 3 middle). We then set the unique angular velocity threshold for each participant as the mean of these local maxima minus half standard deviation (Figure 3 bottom). The range of unique angular velocity thresholds was from 0.4208 to 1.0515 rad/s.
Arm Movement Bout Detection
A bout was defined as the period between the start and stop of significant arm movement regardless of the position, orientation, or direction of the arm and movement. The start of a bout of movement was defined as when both detrended Accel mag and Ang vel mag were above each signals' unique bout threshold. The end of a bout of movement was defined once the angular velocity magnitude went below its threshold (See Figure 4) . To compare between visits, we normalized the number of bouts to the number of hours that the infant was awake and wearing the sensors. We visually estimated the amount of sleep time by identifying sleep time as periods of less than 3 movement bouts in 5 min. This adjusted for the different lengths of sensor wear and different amounts of nap time at each visit. 
A bout was defined as the period between the start and stop of significant arm movement regardless of the position, orientation, or direction of the arm and movement. The start of a bout of movement was defined as when both detrended Accelmag and Ang velmag were above each signals' unique bout threshold. The end of a bout of movement was defined once the angular velocity magnitude went below its threshold (See Figure 4) . To compare between visits, we normalized the number of bouts to the number of hours that the infant was awake and wearing the sensors. We visually estimated the amount of sleep time by identifying sleep time as periods of less than 3 movement bouts in 5 min. This adjusted for the different lengths of sensor wear and different amounts of nap time at each visit. 
Algorithm Performance: Counting Number of Bouts of Arm Movement
The algorithm was compared to visual observation as the gold standard. For 10 visits from 10 different infants in each group, an interval of 20 s of infant arm movement was selected. We compared the number of bouts counted by the algorithm to the number identified by one expert observer (Beth 
The algorithm was compared to visual observation as the gold standard. For 10 visits from 10 different infants in each group, an interval of 20 s of infant arm movement was selected. We compared the number of bouts counted by the algorithm to the number identified by one expert observer (Beth A. Smith). Frame-by-frame video coding software (ELAN, The Language Archive, Nijmegen, The Netherlands) was used for the counting of movements, however for a new bout of movement to be counted each time the arm paused, the pause had to be observed in real time.
Type of Movement
For each arm separately, we compared the start and stop samples of each bout to those of the other arm to determine if only one arm was moving, both arms were moving for some portion of the bout, or both arms were moving for the entire bout.
Kinematic Characteristics
Duration (s), was determined by counting the number of samples for each bout and dividing that number by 20, as data were collected at 20 samples per second. Average Acceleration (m/s 2 ) was calculated as the sum of the absolute values of acceleration divided by the number of samples of the bout. Peak Acceleration (m/s 2 ) was calculated as the maximum absolute value of acceleration within a bout.
Acceleration Area
As a general calculation of overall arm "activity", we also calculated the area under the absolute value of the resultant acceleration curve (Acceleration Area) across the time period that the sensors were worn by the infant. To compare between visits, we normalized the area to the number of hours that the infant was awake and wearing the sensors, rounded to the nearest five minutes. A larger normalized acceleration area value indicates that the infant was moving the arm more frequently and/or faster than a smaller value.
Statistical Analyses
To examine the characteristics of full-day arm movement bouts across the first months of infancy for infants with TD, trends were developed using longitudinal linear effects modeling centered at mean age. Random differences in level were estimated. There was insufficient data to allow for the estimation of individual differences in slopes, so average slopes were estimated. Models were compared using measures of fit (BIC, -2Ln Likelihood difference) in order to determine if a linear or quadratic model fit better for any given variable.
Results
Algorithm Performance
The algorithm was compared to visual observation as the gold standard from 20 video segments of 20 s each, as described previously in Section 2.9. Overall, the algorithm counted 173 bouts and the observer identified 180, resulting in a sensitivity of 90% (sensitivity = true positive/(true positive + false negative)). For the infants with TD, the algorithm counted 93 bouts of arm movement and the observer identified 90. The algorithm undercounted (did not identify a movement the observer did) by 10 and overcounted (identified a movement the observer did not) by 13 bouts. For infants AR, the algorithm counted 80 bouts of arm movement and the observer identified 90. The algorithm undercounted by 11 and overcounted by 1 bout. Algorithm overcounting most often occurs because the algorithm is able to identify pauses in arm motion that can be as short as 1/20 of a second, so the algorithm identifies 2 bouts when an observer only sees 1. Algorithm undercounting most often happens when an infant produces a very long, slow arm movement (e.g., lowering one arm very slowly while focusing attention on the other arm). We did not actively identify periods of no movement, we assumed the infant was not moving if no active movement was identified by the algorithm, and therefore only report the ability of our algorithm to count movements and not its ability to count non-movement. Table 1 shows the total number of bouts for the right and left arms across a full day at each visit for infants with TD. A full day ranged from 8 to 13 h, and included variable amounts of nap time, therefore each infants' hours of awake time at each visit is also provided. To allow for the comparison of movement rates between infants and across visits, Figure 5 shows Table 1 shows the total number of bouts for the right and left arms across a full day at each visit for infants with TD. A full day ranged from 8 to 13 h, and included variable amounts of nap time, therefore each infants' hours of awake time at each visit is also provided. To allow for the comparison of movement rates between infants and across visits, Figure 5 shows Table 1 shows the total number of each type of bout produced across the full day. To compare between infants and across visits, Figure 6 shows the average percentage of each type of bout produced across the full day for the right and left arms, by age, for infants with TD. In general, it appears that infants show a "U"-shaped developmental trajectory for one arm only bouts, an inverted "U"-shaped developmental trajectory for both arms moving for some portion of the bout, and no change across time for both arms moving for the entire bout. Quadratic trends were the best fit for one arm only and both arms moving for some portion of the bout for the right and left arms, while a linear trend best fit both arms moving for the entire bout for the right and left arms.
Number of Bouts
the average number of bouts per hour of awake time for the right and left arms, by age, for infants with TD. For the number of bouts per hour of awake time, infants generally move their arms more as they get older. For each arm a linear trend fit best.
Technologies 2017, 5, 39 10 of 16 Table 1 shows the total number of each type of bout produced across the full day. To compare between infants and across visits, Figure 6 shows the average percentage of each type of bout produced across the full day for the right and left arms, by age, for infants with TD. In general, it appears that infants show a "U"-shaped developmental trajectory for one arm only bouts, an inverted "U"-shaped developmental trajectory for both arms moving for some portion of the bout, and no change across time for both arms moving for the entire bout. Quadratic trends were the best fit for one arm only and both arms moving for some portion of the bout for the right and left arms, while a linear trend best fit both arms moving for the entire bout for the right and left arms. Figure 6 . Average percentage of each type of bout (only one arm moving, both arms moving for some portion of the bout, or both arms moving for all of the bout) produced across the full day for the left and right arms, by age, for infants with typical development. Each colored line represents a different infant across 3 to 6 visits. Two single assessments are represented by dots. Thick black line is the mean and shaded area bordered by dashed black line is one standard deviation. Quadratic trends were the best fit for the right and left arms for only one arm moving and both arms moving for some portion of the bout. Linear trends were the best fit for both arms moving for all of the bout. Figure 7 shows the average bout duration (s) at each visit, by age, for infants with TD. A linear trend fit the left and right arm data best, indicating that movement bouts get shorter as infants get older. Figure 8 shows the average acceleration (m/s 2 ) and average peak acceleration (m/s 2 ) at each visit, by age, for infants with TD. For average acceleration, a linear trend fit the left arm data best and a quadratic trend fit the right arm best. For peak acceleration, data for both arms were best fit by a linear trend. Taken together, duration and acceleration data indicate that infants move with shorter Figure 6 . Average percentage of each type of bout (only one arm moving, both arms moving for some portion of the bout, or both arms moving for all of the bout) produced across the full day for the left and right arms, by age, for infants with typical development. Each colored line represents a different infant across 3 to 6 visits. Two single assessments are represented by dots. Thick black line is the mean and shaded area bordered by dashed black line is one standard deviation. Quadratic trends were the best fit for the right and left arms for only one arm moving and both arms moving for some portion of the bout. Linear trends were the best fit for both arms moving for all of the bout. Figure 7 shows the average bout duration (s) at each visit, by age, for infants with TD. A linear trend fit the left and right arm data best, indicating that movement bouts get shorter as infants get older. Figure 8 shows the average acceleration (m/s 2 ) and average peak acceleration (m/s 2 ) at each visit, by age, for infants with TD. For average acceleration, a linear trend fit the left arm data best and a quadratic trend fit the right arm best. For peak acceleration, data for both arms were best fit by a linear trend. Taken together, duration and acceleration data indicate that infants move with shorter duration and faster acceleration arm movements as they get older, and the rate of change may not be constant between arms. Table 1 provides the acceleration area values for each arm, at each visit. To compare between infants and across visits, Figure 9 shows the normalized acceleration area for the right and left arms per hour of awake time, by age, for infants with TD. A linear trend fits the right and left arm data best, indicating normalized acceleration area increases as infants get older.
Type of Movement
Kinematic Characteristics
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Discussion
Full day infant arm movement monitoring is necessary in order to advance our understanding of how much and what type of movement practice is necessary to learn functional skills. Laboratory based studies are limited to short periods of data collection and do not inform us about how much or how infants are moving across the course of the day in their natural environments. Despite the great knowledge gathered from these studies, it has recently been argued that to further advance the field we now must sample development for a minimum of 24 h in order to overcome the effects of circadian rhythms, behavioral context, environmental stimuli, mood and motivation, and other factors [19] . In this paper, we move from being able to assess only a few minutes of arm movement data to being able to assess a full day through the use of wearable sensors.
Our purpose was to describe the development of a wearable sensor data algorithm for identifying bouts of infant arm movement in infants with TD and AR. We found an overall performance of the algorithm of 90% sensitivity. The algorithm does not make systematic errors (consistent over-or under-counting). It is not able to distinguish between the infant moving his or her arms and the caregiver moving the infant's arms (for example, when putting on a shirt), however this type of occurrence is expected to be low among the thousands of bouts of arm movement an infant produces across a day. We feel this amount of non-systematic error is acceptable to move forward with studying how full day movement patterns relate to infant development and the acquisition of functional skills.
Our report here of the number and kinematic characteristics of arm movement bouts from 22 infants with TD is the first step toward developing norms for full-day arm movement behavior. We have provided the values obtained from 8 to 13 h of arm movement data, as well as normalized to hours of awake time or as a percentage of movements made, in order to allow the comparison between infants and across time. These data are the first step in measuring mean values and variability in a small sample of infants with TD, and will allow us to power future studies to look for relationships between changes in full-day arm movements and functional skill acquisition and to look for early differences in arm movement patterns in infants AR. We have presented data here by chronological age as a first step, however it will be as important to explore movement variables in relation to the developmental trajectory. Two infants of the same chronological age are not expected to be at the same point in their developmental trajectory of motor, cognitive, and/or social development. We believe this method has potential, due to its quantitative assessment and multiple continuous hours of measurement, to embrace the high variability that is a hallmark of typical development and use this information to accurately identify infants who fall outside of the norms of TD very early in development.
Our results for the duration of arm movement bouts averaged around 1.3 s per bout. Previous literature has focused on the duration of reaches, which are discrete movements of the arm to a target. 
Our results for the duration of arm movement bouts averaged around 1.3 s per bout. Previous literature has focused on the duration of reaches, which are discrete movements of the arm to a target. Infant reach durations have been observed to be approximately 0.6-0.9 s in 3-month-old infants [20] , around 0.8 s in infants from 100 days through 200 days of age and beyond [21] , 1.6 s in 4-month-old infants and 1.2 s in 6-month-old infants [22] , 0.5-0.7 s for 5-month-old infants [23] , 1.1 s for the left arm and 1.3 s for the right arm in 6-month-old infants [24] , and around 1 s for 7 month-old infants [25] . Given that our arm movement data included both reaching and non-reaching activity, we feel that our results are consistent with the previous data from shorter periods of laboratory-based infant reaching assessments.
There are two studies that include arm acceleration values, each from a single infant. Average arm accelerations across a full day from one infant between 51 to beyond 200 days of age ranged from around 1.2-1.4 m/s 2 [26] . These data included periods of no movement occurring across the day, whereas our data are only during arm movement bouts. As a result of this methodological difference, our average acceleration values are higher (around 1.7 m/s 2 ), but we believe this is reasonable given the different methodology. The other study reported arm peak acceleration of around 6000 mm/s 2 in a 6-month-old boy [24] , consistent with our findings of mean peak accelerations around 6 m/s 2 .
Across these first months, the majority of the bouts infants made were with one arm only, compared to both arms moving for some or all of the bout. Within that stable preference, however, there appears to be an interesting shift in the relative preference for one arm only moving vs. both arms moving for some portion of the bout. The trajectories indicate that infants start lower but then shift to increase their preference for arm bouts when both arms are moving for some portion of the bout, followed by a decrease. Future work will allow us to explore whether this is related to the development of reaching skill.
Our data are consistent with the previous data, showing that there is not an overwhelming preference across infancy for right or left arm movement; infants with TD employ many different strategies for reaching or otherwise moving their arms. Corbetta and Thelen collected kinematic arm movement data for 4 infants longitudinally from 3 to 52 weeks of age (weekly from 3 to 30 weeks and bi-weekly from 30 to 52 weeks). They identified both reaching and non-reaching interlimb activity. For reaching, preference was attributed to the hand that made initial contact with the target. For laterality in non-reaching movements, the hand with the faster average velocity over a 1-s window was identified as the preferred hand. A right or left preference for each category of movement was determined overall for each visit. The infants produced unstable and fluctuating lateral preferences for reaching and non-reaching movements across the 1st year. Furthermore, when a preference was detected in reaching, it was also observed in non-reaching movements [27] . In another study, 17 infants at 6 months of age did not show a significant difference between right, left, or bimanual reaches, they performed all three types of reaching equally [24] .
Conclusions
We created an algorithm that can be used to quantify kinematic characteristics of infant arm movement bouts produced across a full day in the natural environment. We chose these specific metrics as a first step as they are commonly assessed kinematic measures. In future work, we will explore more advanced computational techniques, such as non-linear analysis measures and machine learning approaches to describe other aspects of our movement data. Furthermore, we will relate the amount and type of arm movement practice across days and months to the development of functional arm reaching skills. Finally, we will determine if early differences in arm movement patterns are predictive of later neuromotor outcomes in infants AR. These results will inform the development of early intervention therapies to support optimal neuromotor development.
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